TERAHERTZ TRANSCEIVERS AND METHODS FOR EMISSION AND 
DETECTION OF TERAHERTZ PULSES USING SUCH TRANSCEIVERS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority based upon U.S. Provisional Patent 
5 Application Serial No. 60/195,554, filed on April 6, 2000, and U.S. Provisional 
Patent Application Serial No. 60/195,708, filed on April 7, 2000, both of which 
are incorporated by reference. 

TECHNICAL FIELD 

[0002] The present invention relates generally to the emission and 
10 detection of electromagnetic pulses and, more specifically, to transceivers for 
use in the terahertz (THz) frequency range. 

BACKGROUND OF THE INVENTION 

[0003] Electro-optic crystals and photoconductive dipole antennas have 
been widely used in terahertz (THz) time-domain spectroscopy and related 

15 imaging applications. For example, United States Patent Number 5,952,818, 
issued to Zhang et al., discloses an electro-optical sensing apparatus and method 
for characterizing free-space electromagnetic radiation suitable for real-time, 
two-dimensional, far-infrared imaging applications. Pulsed terahertz 
electromagnetic radiation illuminates the electro-optical crystal, modulating the 

20 index of refraction via the Pockels effect. A femtosecond optical pulse probes 
the field-induced change in the index of refraction by passing through the 
crystal. To convert the field-induced ellipticity modulation in the probe pulse 
into an intensity modulation, the probe pulse is analyzed by a compensator and 
polarizer, and detected by a photodetector. 

25 [0004] United States Patent Number 5,789,750, issued to Nuss, discusses 
the use of a photoconductive dipole antenna structure usable as either a terahertz 
transmitter or a terahertz detector. United States Patent Number 6,078,047, 
issued to Mittleman et al., discloses a method and apparatus for terahertz 
tomographic imaging, the apparatus including a photoconductive terahertz 
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transmitter that generates terahertz radiation for illuminating a test object, and a 
separate photoconductive terahertz detector for detecting pulses reflected by the 
object. Measurement of the relative time delays of pulses reflected by the object 
are used to determine the positions of dielectric interfaces in the object. 

[0005] In the standard apparatus used for THz time-domain spectroscopy 
as described in the above patents and elsewhere in the art, however, a separate 
transmitter and receiver are used for the emission and detection of the THz 
signal. Because detection is the reverse process of emission, the transmitter and 
the receiver can be identical devices. Despite advantages to be gained by using a 
single device as both a transmitter and a receiver (a "transceiver"), terahertz 
transceivers have not previously been known or used in the art, primarily 
because of perceived technical hurdles and inherent complexity, such as the 
difficulty of providing an acceptable signal-to-noise ratio. 

SUMMARY OF THE INVENTION 

[0006] The present invention comprises a system for emitting and 
detecting terahertz frequency electromagnetic pulses. The system has a single 
transceiver device for both emitting and detecting the pulses. In particular, the 
device may be an electro-optic crystal or a photoconductive antenna. 

[0007] In one embodiment, the system further comprises an optical source 
and related optics for providing a plurality of pump pulses to excite the 
transceiver to emit a corresponding plurality of terahertz output pulses and a 
plurality of probe pulses. A chopper modulates the terahertz output pulses at a 
first frequency. An object is illuminated by the modulated terahertz output 
pulses and reflects the plurality of modulated terahertz output pulses. The probe 
pulses are timed to illuminate the transceiver simultaneously with a 
corresponding plurality of reflected terahertz pulses. A lock- in amplifier, having 
its reference input connected to the clock output of the chopper, receives a 
plurality of electrical signals carrying information proportional to the 
corresponding reflected terahertz pulses detected by the transceiver. The use of 
the synchronized chopper and lock-in amplifier allows the lock-in amplifier to 
reduce noise in the signals. 
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[0008] In one embodiment, a miniature electro-optic crystal may be 
mounted to the end of an optical fiber. The miniature electro-optic crystal may 
have a volume, for example, of less than about 1 mm 3 . The optical fiber may be 
a polarization-preserved optical fiber. 

5 [0009] The invention also comprises a method for emitting and detecting 
terahertz frequency electromagnetic pulses. The method includes the step of 
emitting and detecting the terahertz frequency electromagnetic pulses with a 
single transceiver device. The method may further include exciting the 
transceiver device with a pump pulse to emit a first terahertz frequency output 

10 pulse. The terahertz frequency output pulse is modulated with a chopper set at a 
first frequency. An object is illuminated with the modulated terahertz frequency 
output pulse, the object reflecting a reflected terahertz pulse. A transceiver 
device is illuminated with the reflected terahertz pulse simultaneously as a probe 
pulse illuminates the transceiver device, such that the transceiver device 

15 produces a first signal carrying information from the reflected terahertz pulse. 

[0010] If the transceiver device is an electro-optic crystal, the terahertz 
pulse modulates the probe pulse in the electro-optic crystal and the electro-optic 
crystal reflects the modulated probe pulse from a back surface of the electro- 
optic crystal. The first signal comprises the reflected, modulated probe pulse. 
20 In such a case, the method further comprises detecting the reflected, modulated 
probe pulse with a photodetector; converting the information to a second signal; 
and reducing noise in the second signal with a lock-in amplifier to produce a 
third, noise-reduced signal. 

[0011] If the transceiver device is a photoconductive antenna, the method 
25 may include creating through the terahertz pulse and the probe pulse a current in 
the antenna comprising the first signal. The method further includes reducing 
noise in the first signal with a lock-in amplifier to produce a second, noise- 
reduced signal. 

[0012] The object may have a plurality of layers, each layer a different 
30 distance from the transceiver. The method may further comprise generating a 
plurality of pump pulses, probe pulses, and terahertz pulses such that the object 
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reflects a plurality of corresponding reflected terahertz pulses, each pulse having 
a peak amplitude intensity and a peak amplitude timing that corresponds to the 
distance from the transceiver of the layer that reflected the pulse. A 
tomographic image of the object may then be created using the peak amplitude 
5 intensity or the peak amplitude timing. 

[0013] It is to be understood that both the foregoing general description 
and the following detailed description are exemplary, but are not restrictive, of 
the invention. 

BRIEF DESCRIPTION OF DRAWING 

10 [0014] The invention is best understood from the following detailed 
description when read in connection with the accompanying drawing. It is 
emphasized that, according to common practice, the various features of the 
drawing are not to scale. On the contrary, the dimensions of the various features 
are arbitrarily expanded or reduced for clarity. Included in the drawing are the 

15 following figures: 

[0015] Fig. 1 is a schematic illustration of an exemplary setup 
incorporating an electro-optic crystal transceiver; 

[0016] Fig. 2 is a plot of exemplary waveforms generated using the setup 
of Fig. 1; 

20 [0017] Fig. 3 shows a partial schematic illustration of an exemplary noise- 
reduction apparatus for an electro-optic crystal transceiver embodiment; 

[0018] Fig. 4 is a schematic illustration of an exemplary setup 
incorporating a photoconductive antenna transceiver; 

[0019] Fig. 5 is a plot of an exemplary measured temporal waveform 
25 using the setup of Fig. 4; 

[0020] Fig. 6 is an illustration of a common razor blade as known in the 
prior art; 
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[0021] Fig. 7 is an illustration of a plot of the THz waveforms reflected 
from different layers of the razor blade of Fig. 6; 

[0022] Fig. 8 is a tomographic image of the razor blade of Fig. 6 
generated using an exemplary embodiment of the present invention, where the 
gray level on the z-axis represents the timing of the peak amplitude in 
picoseconds and the x-axis and y-axis units are in centimeters; 

[0023] Fig. 9 is an image of the razor blade of Fig. 6 generated using an 
exemplary embodiment of the present invention, where the gray level on the z- 
axis represents the peak amplitude intensity and the x-axis and y-axis units are in 
centimeters; 

[0024] Fig. 10A is an image of an American quarter dollar generated 
using an exemplary embodiment of the present invention, where the gray level 
represents the timing of the peak amplitude; 

[0025] Fig. 10B is an image of a British fifty pence piece generated using 
an exemplary embodiment of the present invention, where the gray level 
represents the timing of the peak amplitude; 

[0026] Fig. 11A is an image of an American quarter dollar generated 
using an exemplary embodiment of the present invention, where the gray level 
represents the peak amplitude within a certain timing window; 

[0027] Fig. 11B is an image of a British fifty pence piece generated using 
an exemplary embodiment of the present invention, where the gray level 
represents the peak amplitude within a certain timing window; and 

[0028] Fig. 12 illustrates an exemplary optical fiber THz transceiver. 

DETAILED DESCRIPTION OF INVENTION 

[0029] Unlike the conventional setup in which the THz transmitter and 
receiver are spatially and functionally separate devices, the THz transceiver of 
the present invention combines two functions into one device. The THz 
transceiver alternately transmits pulsed electromagnetic radiation at a THz 



RPM03US 



frequency and receives the returned signal. The THz transceiver may comprise 
an electro-optic crystal or a photoconductive antenna. For an electro-optic 
crystal transceiver, the electromagnetic radiation is optically rectified and the 
returned optical signal is received by the crystal via the electro-optic effect using 
femtosecond optics. In both the electro-optic crystal and photoconductive 
antenna embodiments, the system complexity is greatly reduced by using only a 
single transceiver instead of a separate emitter and receiver. 

[0030] A performance comparison of the photoconductive transceiver 

embodiment and the electro-optic transceiver embodiment is similar to any 
comparison of a photoconductive method versus an electro-optic method using 
separate THz transmitters and detectors. Electro-optic transceivers typically 
require more optical power than photoconductive antennas, but have a lower 
signal-to-noise ratio at low frequency. Electro-optic transceivers typically have 
broader bandwidth than a photoconductive antenna and offer the potential for a 
smaller-sized transceiver, in part because electro-optic crystal embodiments do 
not have the amount of wiring and packaging typical of photoconductive antenna 
embodiments. As shown in Fig. 12, a miniature electro-optic crystal transceiver 
700, for example having a volume of less than about 1 mm 3 , may be attached at 
the end of a polarization-preserved optical fiber 702, providing a true optical 
fiber THz transceiver. 

[0031] Configurations for using THz transceivers are less complex than 
conventional THz systems using two antennas or crystals and two parabolic 
mirrors. Having a single transceiver also simplifies alignment of the optics. 
THz transceivers may have unique applications in THz ranging and THz 
sensing, and may be particularly ideal for THz imaging and tomography in 
reflection configurations. Along with the use of ultrafast fiber laser and optical 
fiber connections, THz transceivers may help further reduce the dimensions of 
THz spectroscopy and imaging systems. 

[0032] Electro-optic crystal and photoconductive antenna embodiments of 
the THz transceiver of the present invention are discussed below in more detail. 
Also discussed is an exemplary tomography application for an electro-optic 
crystal transceiver. 
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A. Electro-Optic Crystal Transceiver 

[0033] Fig. 1 shows an exemplary setup to demonstrate the functionality 
of an electro-optic crystal transceiver. A laser 10 generates an optical pulse 
which first travels along a path 11 to a polarizer 12. Polarizer 12 is optional. 
5 The polarized pulse moves along a path 11a and hits a beam-splitter 13a, which 
transmits a portion of the pulse as a pump pulse along a path lib, and reflects a 
portion of the pulse as a probe pulse along a path 11c. The probe pulse traveling 
along path 11c is bounced off of mirror 13b, then off of mirrors 13c and 13d in 
movable stage 15, and then bounced off of beam-splitters 13e and 13f. Movable 
10 stage 15 is movable back and forth along arrow A. Delay stage 14, of which 

movable stage 15 is a component, thus provides a variable delay between a pump 
pulse 16 and a probe pulse 17. Artisans often refer to delay stage 14 as a 
Michaelson interferometer. 

[0034] Pump pulse 16 first illuminates an electro-optic (EO) crystal 18, 
15 which generates a THz pulse 19 via optical rectification. A mechanical chopper 
22 modulates THz pulse 19. THz pulse 19 is collimated by one or more 
parabolic mirrors 20a and 20b and reflected off a sample 21 (as indicated by 
arrow B). Probe pulse 17 samples the reflected THz signal via the electro-optic 
effect in EO crystal 18, where the phase of the probe pulse is modulated by the 
20 reflected THz pulse. The probe pulse then reflects from a back surface 24 of 
EO crystal 18, and is reflected from a beam-splitter 13f, transmitted through a 
beam-splitter 13e, and reflected from a mirror 13g, through an optical analyzer 
(polarizer) 25 and detected by a photodetector 26. Polarizer 25 transfers the 
phase variation in the probe pulse induced by the reflected terahertz pulse to an 
25 intensity variation that can be detected by photodetector 26. Lock-in amplifier 
23, having its reference input (not shown) connected to the clock output (not 
shown) of chopper 22 so that its frequency is auto-locked to the frequency of the 
chopper, extracts the desired signal from background noise. 

[0035] A data processor 80, such as a computer containing data processing 
30 software, may comprise any single unit or multiple processing units that process, 
store, or both process and store the output signal from lock-in amplifier 23. 
Data processor 80 may produce, for example, an image of sample 21 based upon 
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the intensity or time-delay of the reflected terahertz pulses. This function is 
discussed further below. 

[0036] The number of mirrors 13a-g and 20a,b can be varied as desired to 
address the physical needs of the particular setup desired. For example, only a 
5 single mirror 20a may be used for collimation, with the sample 21 placed in the 
position where mirror 20b is shown in Fig. 1. In another embodiment, no 
mirror at all may be used. Also, instead of using a Michaelson interferometer, 
probe pulse 17 may be generated by any other method known in the art to 
provide a probe pulse synchronized with pump pulse 16. 

10 [0037] In one exemplary embodiment, a regenerative amplified 

Ti: sapphire laser (such as a Coherent Rega 9000), having a 800 nm, 180 fs pulse 
duration and a 250-kHz repetition rate, was used to generate the pulses. Electro- 
optic crystal 18 was a 4.5-mm thick < 110> oriented ZnTe crystal. The 
average power of pump pulse 16 and probe pulse 17 was about 105 mW, and 

15 chopper 22 modulated the terahertz pulse at 450 Hz. The relatively low 

modulation frequency was provided by the use of a relatively wide (for example 
about 2 cm) slot chopper blade to match the relatively large size of the THz 
pulse. Lock-in amplifier 23 had a 300 ms integration time. 

[0038] The polarization direction of the optical probe pulse was parallel to 
20 that of the optical pump pulse, and optical polarizer 25 (analyzer) was oriented 

perpendicular to the polarization provided by input polarizer 12 for better 

rejection of the pump pulse and for cross-balance detection of the probe pulse. 

The optimum orientation of the pump pulse polarization (as predicted by a 

theoretical calculation) was preferably about 25.7° counter-clockwise from the 
25 (001) z-axis of the (1 10) ZnTe crystal, and the polarization of the generated THz 

field was about 77° counter-clockwise from the z-axis. Other orientations may 

also be used. 

[0039] Fig. 2 shows a set of waveforms measured by using a metallic 
mirror as sample 21 and moving it along the THz propagation direction in the 
30 direction of arrow C with a 1 mm step (6.6 ps round trip time). The first signals 
27a-e shown in Fig. 2 are the THz reflections from the metallic chopper blade, 
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which was set to be substantially perpendicular to the propagation direction of 
the THz pulse. The time positions of the first signals 27a-e are therefore fixed. 
The second signals 28a-e are the reflected THz signals from the metallic mirror. 
The positions of the second signals shift with the location of the mirror. 

5 [0040] The time delay between two THz signals is the round trip time of a 
THz pulse traveling between the chopper and the metallic mirror. The reflection 
from the chopper blade automatically serves as a reference marker for the 
system calibration. There is a ir phase difference between the phases of the 
reflected signals from the chopper and from the metallic mirror after the 
10 chopper, arising from the phase difference between the THz pulses transmitted 
and reflected by the chopper. Therefore, these two signals measured with the 
lock-in amplifier show opposite polarities. The time delays between second 
signals 28a-e and first signals 27a-e in Fig. 2 demonstrate the suitability of the 
present invention for tomography. 

15 [0041] Subject to there being cross-balance detection with the parallel 
optical pump and probe polarization, the overall efficiency of the electro-optic 
THz transceiver is about 50% smaller than for a transmitter and receiver used 
separately. Both the theoretical calculations and experimental results show that 
operation with a pump: probe power ratio of 1 : 1 is optimal. The results shown 

20 in Fig. 2 indicate a peak-to-peak current for the THz signal of about 1.8 nA and 
a noise floor of about 6.8 pA, providing a dynamic range of about 270. The 
dynamic range may be varied dependent upon the chopper modulation frequency 
and precision of the pulse alignment. For example, higher modulation 
frequencies may provide a greater dynamic range than lower modulation 

25 frequencies. 

[0042] Because the pump and probe pulses are collinear, the electro-optic 
transceiver has an optical background due to the presence of the reflected pump 
laser pulse. Although a large optical background added to the probe pulse may 
impact system performance, such as by lowering the signal-to-noise ratio, there 
30 are several methods available to mitigate or eliminate the impact of the optical 
background. One method is to use the different timing of pump pulse 16 and 
probe pulse 17 to discriminate the pump pulse background. For example, as 
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shown in Fig. 3, a lens 31 may be positioned before a crystal 34, such as beta- 
barium borate (BBO). A gate pulse 30 is used to generate a background-free 
second harmonic signal 32 with the probe pulse reflected from the transceiver. 
The combination of lens 31 and crystal 34 may be placed between polarizer 25 
5 and photodetector 26 in the setup shown in Fig. 1. The second harmonic signal 
carries the probe pulse modulation by the THz field without the presence of the 
pump pulse background. This configuration may increase the noise level from 
the laser noise, however, because laser noise is amplified during generation of 
the second harmonic signal. Therefore, this method is suited for a system with a 
10 very quiet laser source. 

B. Photoconductive Antenna Transceiver 

[0043] Fig. 4 shows a portion of an exemplary setup to demonstrate the 
functionality of a photoconductive antenna as a transceiver. The laser source 
and delay stage portions are similar to the setup shown in Fig. 1 and thus are not 
15 repeated in Fig. 4. Fig. 4 picks up where the pair of synchronized optical 

pulses-pump pulse 16 and probe pulse 17--illuminate a photoconductive dipole 
antenna 40. Dipole antenna 40 is biased with a power source (not shown, 
typically a DC source such as a battery) and attached to a lens 42. 



[0044] \ Pump pulse 16 launches THz pulse 19 by exciting dipole antenna 
20 40. THz pulse 19 is collimated by parabolic mirror 20a and reflected by sample 
21. To isolate the interference of the pump-pulse-induced photo-current, 
mechanical dhopper 22 modulates the THz pulse. Probe pulse 17 samples the 



reflected THz signal using dipole antenna 40. The simultaneous arrival of the 
^ reflected THz signal and probe pulse 17 at dipole antenna 40 induces a current 
25 between the electrodes (not shown) of the antenna that is proportional to the THz 
electric field. |Lock-in amplifier 23 detects this current. Electronics downstream 
of the lock-inJmplifier 23 (for example, photodetector 80 as shown in Fig. 1) 
may be the s&raMor a photoconductive antenna transceiver system as for an 
_^ electro-optic cgystal transceiver system. 



30 [0045] Because both pump pulse 16 and probe pulse 17 illuminate the 
same photoconductor, they induce current in the same way. Only the current 
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associated with probe pulse 17, however, is modulated by THz pulse 19. The 
photocurrent associated with the power source (typically a DC field) is not 
modulated, and lock-in amplifier 23 may therefore filter it out so that the signal 
may be extracted. Pump pulse 16 and probe pulse 17 are typically identical 
except for their relative timing. Whichever pulse is generated earlier serves as 
Jfae r^mp pulse^ 



[0046] In one exemplary embodiment, a Ti: sapphire laser (Coherent Mira) 
with 800 nm center wavelength, 120 fs laser pulses, and a 86 MHz repetition 
■a ft rate was used as the optical source, and the average power for the pump and 
^-*£©» probe pulses was SO mW. Antenna 40 was low-temperature-grown GaAs, 50 
/xm long, biased with a 9 V battery, and attached to a silicon lens 42. Chopper 
22 modulated thQTjIz pulse at 453 Hz, and sample 21 was a metallic mirror. 
The measured THzwaveform had a signal-to-noise ratio (SNR) of about 200. 
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[0047] Fig. 5 shows a plot of an exemplary measured temporal waveform 
15 of the THz signal generated by the system shown in Fig. 4. A first signal 120 is 
the THz reflection from the metallic chopper blade, with the chopper blade set 
essentially perpendicular to the propagation direction of the THz pulse. A 
second signal 122 is the THz signal transmitted through the chopper and 
reflected back from the metallic mirror. As shown in Fig. 5, there is a w phase 
20 difference between the first and second signals as measured with the lock-in 

amplifier 23, resulting in opposite polarities. The time delay x between two THz 
signals is the round-trip time of a THz pulse travelling between chopper 22 and 
metallic mirror sample 21. The reflection from the chopper blade automatically 
serves as a reference marker for system calibration. 

25 [0048] The photocurrent generated by the pump pulse, probe pulse, and 
bias voltage contribute to noise in the system shown in Fig. 5. The signal-to- 
noise ratio may be dependent at least in part upon the filtering circuit and 
operational conditions, such as the chopper modulation frequency. Increasing 
the modulation frequency, for example to 2-3 kHz, may provide a better signal- 

30 to-noise ratio because the noise density decreases for higher frequencies. 
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C. Tomographic Imaging 

[0051] THz transceivers enable tomographic THz imaging in a reflection 
geometry in which THz pulses are reflected from different layers of metal 
objects. The time delay of these pulses is used to construct a tomographic 
5 image. Data processor 80, as shown in Fig. 1 receiving signals from lock-in 
amplifier 23, is used to produce the tomographic images of imaged objects based 
upon the time-delayed terahertz signals. Data processors, such as computers 
with corresponding software, for producing tomographic images based upon time 
delays in electromagnetic pulses are generally known in the art, and data 
10 processor 80 may be any such known device. 

[0052] As discussed above, the working efficiency of an electro-optic 
transceiver constructed by a (110) zinc-blend crystal is optimized when the pump 
pulse polarization is about 25°-26° counter-clockwise from the crystallographic 
z-axis of the crystal. The setup shown in Fig. 1 may be used for a THz 
15 tomographic imaging system with an electro-optic transceiver. Use of a 

transceiver in accordance with the method of the present invention, rather than a 
separate transmitter and receiver, enables normal incidence of the THz pulse on 
the sample. 

[0053] THz tomographic imaging using the electro-optic transceiver was 
20 demonstrated by imaging a razor 60, such as illustrated in Fig. 6, pasted on a 
metal mirror 61, with the razor-mirror combination used for sample 21 in the 
setup shown in Fig. 1. Fig. 7 shows the THz waveforms reflected from the 
three different reflection metal layers in the sample: a peak 72 from the metal 
handle 62 of razor 60, a peak 74 from the razor surface 64, and a peak 76 from 
25 the underlying metal mirror 61, such as reflected through the holes 66 or 68 in 
razor surface 64. The timing difference of the peak intensity indicates the spatial 
separation of those layers. The timing difference may be used to construct a 
three-dimensional tomographic image of a razor, as shown in Fig. 8. When the 
THz pulse is incident on the boundary of the different metal layers, only part of 
30 it can be reflected back and detected, decreasing the peak THz intensity. Thus, 
the peak intensity distribution can also form a THz image that indicates the 
profile of the object, as shown in Fig. 9. 
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[0054] The capabilities of the exemplary imaging system shown in Fig. 1 
were demonstrated by creating THz tomographic images of an American quarter 
dollar and a British fifty pence piece, as shown in Figs. 10A and 10B, 
respectively. Image contrast is affected by the THz pulse focal size and the 
5 flatness of the background metal surface. Where the background surface is not 
particularly flat, the image can be displayed in terms of the peak intensity within 
a certain short timing window to get some additional information on the imaged 
object, as is shown in Figs. 11A and 11B. The width of the short timing 
window is determined by the degree of deviation from flatness. If two imaging 
10 areas are on two different reflection layers and their spatial separation is large 
enough, the image may be displayed as shown in Figs. 11A and 11B at two 
different timing positions as determined by the spatial separation. This method 
allows three-dimensional THz imaging without displaying the image based upon 
the timing of peak amplitude. 

15 [0055] Imaging systems using electro-optic transceivers have spatial 

resolution on the order of millimeters and depth resolution on the order of sub- 
millimeters. Imaging of objects ten meters away, and even one hundred meters 
or more away depending on water vapor absorption, is feasible. Thus, terahertz 
transceivers may enable imaging of objects through walls or doors. For 

20 example, terahertz imaging may be used in law enforcement to detect the 
location of a terrorist, his weapon, and a hostage behind a closed door. 

[0056] Although illustrated and described above with reference to certain 
specific embodiments, the present invention is nevertheless not intended to be 
limited to the details shown. Rather, various modifications may be made in the 
25 details within the scope and range of equivalents of the claims and without 
departing from the spirit of the invention. 
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